Abstract. Cancer cells have a variety of interactions with neighboring connective tissue, and this activity primarily involves fibroblasts. Co-culture of fibroblasts derived from human skin with cancer cells results in the conversion of fibroblasts into cancer-associated fibroblasts, which are known to support tumor growth and invasiveness. To evaluate the effect of radiation on tumor-fibroblast interactions, the present study co-cultivated fibroblasts from pre-irradiated and non-irradiated human skin with FaDu head and neck squamous cell carcinoma cells for 3 days. Subsequently, cells were analyzed for tumor viability, apoptosis, and secretion of interleukin (IL)-6 and -8 by performing an MTT assay, Annexin V-propidium iodide test and enzyme-linked immunosorbent assay, respectively. Co-culture of FaDu cells with pre-irradiated fibroblasts resulted in a significant decrease in tumor viability, a notable increase in apoptosis and significantly lower levels of IL-8 compared with FaDu cells cultured with non-irradiated fibroblasts. Therefore, we propose that pre-irradiation changes the properties of fibroblasts and their effects on co-cultivated tumor cells, and, thus may lead to an improved understanding of the therapeutic options for patients that have already undergone irradiation.
Introduction
Squamous cell carcinoma is a major cause of cancer morbidity and mortality, and is one of the most commonly occurring malignancies worldwide. The incidence of head and neck squamous cell carcinoma (HNSCC) is estimated at 500,000 per year in the United States (1) . Changes have been made regarding the therapeutic strategies applied for such patients, including different surgical approaches, radiotherapy and chemotherapy either in alone or in various combinations; however, despite this multi-modal treatment strategy, survival rates have not improved significantly over the past several decades, with an overall 5-year survival rate of 40-50% (2) .
There is increasing evidence that tumor growth is not only determined by malignant cancer cells, but also by the tumor stroma (3) . The tumor stroma is partially composed of fibroblasts and the connective tissue they produce. Physiologically, due to their close proximity, continuous crosstalk between the stroma and epithelia controls tissue differentiation (4) . In the pathology of a tissue wound, the stroma takes on the role of repair, while paracrine signaling alters epithelial proliferation and differentiation (4, 5) . As cancer functionally resembles a chronic wound, these mechanisms of wound repair are useful to examine from an oncological point of view. In this regard, fibroblasts, which are the primary component of tumor stroma, have been shown to be prominent modifiers of cancer progression (6) . It has also become increasingly clear that there are different subpopulations of fibroblasts, as a result of their continuous interaction with epithelial or cancer cells. One of these subpopulations, termed cancer-associated fibroblasts (CAFs), has been shown to be an important promoter of tumor growth and progression (7) . CAFs induce epithelial-mesenchymal transition (EMT) in epithelial tumor cells, which is a key factor in the invasion of squamous cell carcinomas (8) .
It is also known that cytokines are involved in tumor progression. For example, interleukin-6 (IL-6) has been shown to promote cancer resistance against chemotherapeutic agents, such as cisplatin (9) , while elevated IL-8 expression is associated with an enhanced metastatic potential in different cancer entities (9, 10) . Numerous therapeutic strategies concerning HNSCC involve the use of radiation, either combined with chemotherapy as the primary therapy or via adjuvant radiation following surgery. However, there have been few studies analyzing the impact of radiation on the tumor stroma. Recent studies showed no significant changes in the growth or proliferation of CAFs themselves when exposed to radiation in vitro (11, 12) . Instead, the application of low doses of radiation (<20 Gy) appears to enhance the capability of fibroblasts to promote survival of co-cultured cancer cells (13) . However, in these aforementioned studies, irradiation was delivered to cells as a monolayer culture in vitro. Thus, the complex interactions of pre-irradiated tissue in vivo and their influence on CAFs is still largely unknown.
The primary focus of the present study was the influence of pre-irradiation on the interactions between fibroblasts and HNSCC. The aim of the present study was to analyze the in vitro effects pre-irradiation of fibroblasts on HNSCC cell lines compared with non-irradiated fibroblasts in terms of morphological changes, viability and apoptosis.
Materials and methods
Culture of the FaDu cell line. The FaDu HNSCC cell line was established from a human hypopharyngeal squamous cell carcinoma (14) and was obtained from DSMZ (Braunschweig, Germany). Cells were cultivated in RPMI-1640 medium with 10% fetal calf serum (FCS) (Biochrom GmbH, Berlin, Germany), 100 µg/ml streptomycin, 100 U/ml penicillin, 1% sodium pyruvate (100 mM; Biochrom GmbH, Berlin, Germany) and 1% non-essential amino acids [RPMI-expansion medium (EM); 100-fold concentration]. The culture conditions included a temperature of 37˚C with 5% CO 2 in culture flasks. Medium was replaced every other day and passaging was performed by trypsinization (0.25% trypsin; Gibco, Thermo Fisher Scientific, Inc., Waltham, MA, USA) once cells reached 70-80% confluencey. Subsequently, cells were washed and seeded in new flasks or treatment wells. Cells in the exponential growth phase were used for performing experiments.
Acquisition and culture of fibroblasts. Fibroblasts were obtained from skin samples of voluntary patients undergoing neck surgery (n=20) at the University Hospital of Würzburg (Würzburg, Germany) between August 2011 and October 2012, with 10/20 patients having been previously irradiated with intensity modulated irradiation with 60-70 Gy for 6 weeks during head and neck cancer therapy 6-16 months previously. Approval was obtained from the Ethics Committee of the Medical Faculty, University of Würzburg (approval no., 12/06) and evidence of informed consent was received from all individuals included in the present study. The skin samples were cleared of fat and cut into small pieces (2-3 mm), which were then seeded on 6-plate wells. After 60 min of culture without medium, tissue pieces were attached to the bottom of the plates strongly enough not to be washed away by the addition of Dulbecco's modified Eagle medium (DMEM; Gibco, Thermo Fisher Scientific, Inc.) with 10% FCS, 100 U/ml penicillin and 100 µg/ml streptomycin [DMEM-expansion medium (DMEM-EM)] at 37˚C in 5% CO 2 . Fibroblasts grew out from these tissue pieces into the periphery. Medium was replaced every other day and passaging was performed by trypsinization (0.25% trypsin; Gibco, Thermo Fisher Scientific, Inc.) once cells reached 70-80% confluencey. Subsequently, cells were washed with phosphate buffered saline (PBS) and seeded in new flasks or treatment wells.
Group composition. The experiment included 10 fibroblast cultures from pre-irradiated tissue and 10 from non-irradiated samples. Simultaneously, FaDu cells were cultivated alone in parallel to serve as the control group. A schematic of all groups are shown in Fig. 1 .
Transwell culture. A Transwell system (Costar; Corning, Inc., Corning, NY, USA) was used to analyze the effects of fibroblasts on the FaDu HNSCC cell line. First, a co-culture was generated, as follows: FaDu cells (5x10 4 ) were added to 1 ml RPMI-EM on the bottom well of the Transwell 12-well plate; subsequently, fibroblasts (5x10 4 ) with 0.5 ml RPMI-EM were added to the upper wells of the Transwell system and transferred to the wells containing FaDu cells. Following co-culture for 3 days at 37˚C, the fibroblasts were discarded, and the co-culture of FaDu cells was used in additional analysis.
M T T assay. After 3 days of co-culture, the MTT (Sigma-Aldrich) colorimetric staining method was performed, according to Mosmann (15) , to determine cell viability. Cells were seeded at 10,000 cells per well in a 12-well plate. All wells were incubated with 1 ml MTT (1 mg/ml) for 5 h at 37˚C and 5% CO 2 . MTT was then removed and 1 ml isopropanol was added, followed by another incubation period of 1 h at 37˚C and 5% CO 2 . Measurement of the color conversion of the blue formazan dye was performed using a multi-plate reader (Titertek Multiskan PLUS MK II; Thermo Labsystems, Thermo Fisher Scientific, Inc.) at a wavelength of 570 nm. Statistical analysis. The data collected was transferred to standard spreadsheets and statistically analyzed using GraphPad Prism software (version 4.0; GraphPad Software, Inc., San Diego, CA, USA). Data are presented as the mean ± standard deviation of three experiments, unless otherwise stated. The Gaussian distribution was tested via first column analysis. In cases of Gaussian distribution, one-way analysis of variance followed by Tukey's multiple comparison test was used, and in cases of a non-Gaussian distribution, the Kruskal-Wallis test was performed. P<0.05 was used to indicate a statistically significant difference.
Results

MTT assay.
A co-culture of FaDu cells with fibroblasts from non-irradiated skin samples showed a significant increase in FaDu cell viability compared with the mono-culture of FaDu cancer cells alone (P=0.0001). By contrast, when co-cultured with fibroblasts from pre-irradiated tissue, there was a significant decrease in FaDu cell viability compared with the non-irradiated co-culture and the mono-culture (P=0.0001; Fig. 2 ).
Annexin V-propidium iodide. Annexin V-propidium iodide analysis revealed no statistically significant differences between a co-culture with non-irradiated fibroblasts and pre-irradiated fibroblasts regarding the rate of apoptosis in FaDu cells (P=0.21). This indicates that apoptosis may not be the dominant mechanism involved (Fig. 3) .
Quantitative analysis of IL-6 and IL-8 expression.
In mono-culture, IL-6-expression was significantly higher in normal fibroblasts than in fibroblasts from pre-irradiated tissue (P=0.0001). FaDu cells in mono-culture showed negligible secretion of IL-6 (data not shown). When in co-culture, the level of secretion in both groups (pre-irradiated or non-irradiated) was significantly higher (P=0.001) compared with monoculture, yet there was no significant difference between the two groups (P=0.0787) (Fig. 4) .
IL-8 expression in mono-culture was only markedly present in non-irradiated fibroblasts, while FaDu cells (data not shown) and pre-irradiated fibroblasts showed negligible expression. When in co-culture, both groups demonstrated an increase in IL-8 secretion compared with their respective mono-cultures (P=0.0015), although the non-irradiated fibroblasts still exhibited a significantly higher level of expression compared with the pre-irradiated fibroblasts (P= 0.001; Fig. 5 ).
Discussion
The present study focused on the effects of prior radiation on the properties of fibroblasts in co-culture with FaDu HNSCC cells. Over the past few decades, the effects of the tumor stroma on cancer cells has been thoroughly investigated, and CAFs have been shown to promote the growth of cancer cells, many of which have already been extracted from a number of types of invasive human carcinoma (16) . CAFs have been induced from regular fibroblasts, and even from mesenchymal stem cells, via treatment with carcinoma cell-derived medium (17) or a co-culture model (18) . In addition, previous studies have demonstrated that co-culture with CAFs changes the level of secretion of numerous cytokines from carcinoma cells (19, 20) , thus, giving them a higher potential for invasion and metastasis. The possibility of the two cell types mutually influencing each other is one of the advantages of the Transwell co-culture model, and the background for selecting it for use in the present study.
The results of the co-culture of FaDu cells with fibroblasts from non-irradiated skin samples in the present study revealed a significant increase in FaDu cell viability when compared with a mono-culture of FaDu cells. This is consistent with the data available in the literature regarding various other carcinoma cell types, such as prostate carcinoma (20) or breast cancer (21) . Thus, although data regarding the effect of co-cultured fibroblasts on the proliferation of HNSCC is scarce, particularly on a quantitative basis, the current results were as anticipated. In a co-culture of FaDu cells with fibroblasts derived from irradiated tissue, a significant decrease in tumor cell viability was found compared with the non-irradiated fibroblast co-culture and compared with the mono-culture of FaDu cells. According to the actual literature, there is no data available regarding a co-culture of irradiated fibroblasts with HNSCC cells. However, such data in regard to other carcinoma cell types differs from the present study. For example, a study by Ohuchida et al demonstrated an increase in cancer invasion and progression for pancreatic cancer cells co-cultivated with irradiated fibroblasts (22) . This result was predominantly explained by tumor-stromal interactions, particularly via increased phosphorylation of c-Met, although no increase in hepatocyte growth factor, a mediator of tumor-stromal interactions, was found (22) . In addition, Tsai et al showed that a low-dose radiation of 20 Gy could promote the invasiveness of co-cultivated breast cancer cells, and even render the cancer cells radioresistant (13) . Both studies concluded that irradiation of stromal fibroblasts is a promoting factor for cancer cell growth. This is in accordance with the clinical findings of increased cases of metastasis in previously irradiated tissue following definitive radiotherapy, as described for nasopharyngeal carcinoma (23), as well as in an animal model of squamous cell carcinoma (24) . However, this has yet to be investigated for HNSCC cells. Furthermore, the radiation in the aforementioned studies was applied at a dose of only 5-10 Gy in vitro immediately prior to the experiments, whereas the fibroblasts in the present study were cultivated from skin that had been radiated with 60-70 Gy a number of months prior to the experiment. Therefore, a prolonged effect of radiation on the tissue samples in vivo may explain the differing results. A comparative study on fibroblasts cultivated from pre-irradiated skin and fibroblasts that received radiation in vitro in a co-culture should be conducted in the future for further clarification. Regarding the levels of cytokine secretion, significantly higher levels of IL-6 and IL-8 were observed in a mono-culture of non-irradiated fibroblasts compared with in a mono-culture of pre-irradiated fibroblasts. When in co-culture with FaDu cells, IL-6 secretion levels were similar in both groups, while the levels of IL-8 remained significantly lower in the pre-irradiated group compared with the non-irradiated group. Various studies have shown that patients with HNSCC commonly overexpress cytokines, including IL-1, IL-6, tumor necrosis factor (TNF)-α and TNF-β (25, 26) . Among others, IL-6 has been shown to be elevated in HNSCC cell lines of metastatic origin compared with those cultivated from the primary tumor lesion (19) . Therefore, an IL-6 assay was integrated into the present study, as increased levels of IL-6 indicate a higher potential for tumor proliferation and metastasis. IL-8 was also included due to its known tumor-promoting properties (27) , primarily through an increase in angiogenesis. The increased secretion observed in both co-cultured groups correlates well with previous clinical studies that describe increased levels of IL-6 and IL-8 in HNSCC tumor patients compared with healthy controls (25, 26) . The lower levels of IL-6 and IL-8 in the pre-irradiated mono-culture group compared with the non-irradiated mono-culture group may be explained by the irradiation damage caused to the tissue from which the fibroblasts were cultivated, indicating a long-term effect on the stromal tissue. However, when co-cultured with FaDu cells, the pre-irradiated fibroblasts appeared to increase cytokine production; increasing to the same level as the non-irradiated group for IL-6 and at least partially increasing for IL-8. This raises the question of whether the differences in the co-cultures are time-dependent, or if there is a limit on how much of the productive capabilities the pre-irradiated fibroblasts can regain.
It should be noted that there are certain drawbacks to the present study design, as the setup is not completely physiological. The fibroblasts used were not CAFs, which define the tumor stroma, as they only develop in the vicinity of cancer cells. Thus, we can only postulate the effects of regular fibroblasts with and without previous irradiation on cancer cells rather than changes in the actual tumor stroma caused by irradiation. To evaluate changes in the tumor stroma caused by irradiation, irradiation of tumor cells as well as with the surrounding fibroblasts would be necessary. Thus, an in vitro model would not be possible; instead, such experiments would have to be conducted, for example, in an animal model with injection of tumor cells, and subsequent irradiation of the tumor cells and the surrounding skin. Therefore, the present study provides good preliminary data, although further research into the aforementioned mechanisms is of much interest.
Another interesting question raised by this setup is, if a pre-irradiation of tissues has an effect on the efficacy of cytostatic agents on co-cultured tumor cells. As a cytostatic therapy often is the only treatment available for already irradiated and inoperable tumors, more information concerning the interactions of irradiated tissue and cytostatic agents would be of much interest and is the aim of a study being undertaken at the University Hospital of Würzburg.
In conclusion, pre-irradiation of tissue changes the secretory abilities of the fibroblasts cultured from it as well as the way these fibroblasts affect the growth of co-cultured tumor cells in vitro. While major differences in the secretion of IL-6 and IL-8 were observed, the exact mechanisms of the changes caused by previous irradiation are still largely unknown. Thus, irradiated tumor stroma should be examined more closely to gain insight into the long-term effects of irradiation that may not yet have become obvious. Future studies should be conducted to specifically examine differences between irradiated fibroblast cell lines in vitro and fibroblasts cultured from pre-irradiated skin, as well as the effect of irradiated fibroblasts on the efficiency of cytostatic agents in a co-culture and the involvement of EMT in pre-irradiated tissue. Furthermore, to evaluate these findings in a more clinical setting, an animal study with irradiation of cancer cells and the surrounding tissue should be conducted.
